2018 Utah NASA Space Grant Consortium

Enzyme-Based Glucose Detection with Flow-Through Carbon
Nanotube Arrays
Benjamin J. Brownlee and Brian D. Iverson
Department of Mechanical Engineering
Brigham Young University
ABSTRACT
Increased sensitivity of glucose sensors is
important for enabling detection of very low glucose
concentrations, such as that found in saliva. Freestanding,
vertically-aligned
carbon
nanotubes
(VACNTs) were patterned into 16 µm diameter
microchannel arrays and then functionalized for flowthrough electrochemical glucose sensing. Platinum
nanowires (PNs) were deposited onto VACNT
surfaces. The enzyme glucose oxidase (GOx) was used
in solution and functionalized on the VACNT surfaces
by covalent bonding (with EDC/NHS) or by polymer
entrapment (in PEDOT). With normalization by the
projected cross-sectional area, the sensitivity of the
enzyme-in-solution and covalent sensors were,
respectively, 18.77 and 1.815 mA cm-2 mM-1.
Corresponding limits of detection were 194 and 311 nM
glucose. The linear sensing ranges for the sensors were:
500 nM – 200 µM for the enzyme-in-solution sensor
and 1 µM – 6 mM glucose for the covalent sensor.

as they provide high surface area to volume ratio and
are highly conductive, making VACNTs a useful
electrochemical electrode nanomaterial. Glucose
sensors are often electrochemical sensors because of
their repeatability, affordability, and ease of use [5].
An additional means of improving sensitivity
involves taking advantage of convection. Flow-through
sensors are more efficient at reacting target analyte at
the electrode surface than traditional bulk sensors.
Highly efficient detection of hydrogen peroxide (H2O2)
with a flow-through VACNT electrode has been
demonstrated in convective environments [6]. Analyte
confinement in high surface area microchannels
provides many locations for which the surface-based
electrochemical reaction can take place. Flow through
sensors also have the potential for small scale analysis
using flow injection analysis (FIA), thus enabling much
smaller sample volumes.
Enzymatic glucose sensors are typically
functionalized with glucose oxidase (GOx) on the
surface, and it has been shown that the functionalization
technique greatly impacts the sensitivity, selectivity
and longevity of sensors [7]. Primary methods of
electrode
functionalization
include:
physical
absorption, cross-linking, covalent bonding, bioaffinity
bonding, and polymer entrapment.
In the present work we have manufactured a freestanding, VACNT electrode with 16 µm diameter
microchannels (~ 350 µm long) for flow-through
glucose sensing. Enzymatic glucose sensors were
created by functionalizing the VACNTs with platinum
nanowires (PNs) and then using GOx either in solution
or bound on the surface by covalent bonding or polymer
entrapment. The different functionalization strategies
were compared to the theoretical maximum of two
electrons per glucose molecule. The current density of
the GOx-in-solution sensor was linear with flow rate,
but a nonlinear current density was observed with flow
rate when the chemical and electrochemical reactions
both happened at the electrode surface. Challenges with
interference chemicals were mitigated by choosing a
flow rate to reduce the impact of the interfering species.
The current density of each of the sensors was linear
with glucose concentration, with the GOx-in-solution
sensor producing the highest sensitivity and lowest
limit of detection, but the covalent sensor provided the
largest linear sensing range. A method for flow

INTRODUCTION
Extensive research has been done to improve
glucose sensors to enable easier and better methods of
detection. Glucose concentrations are measured by
millions of diabetics each day by the current standard
for glucose monitoring, which is pricking the finger to
obtain a droplet of blood for a small electrochemical
test strip. There has been much investigation into nonintrusive methods as alternative ways to measure
glucose, including using saliva as a more accessible
bodily fluid [1]. Studies have shown that glucose levels
in saliva can be directly correlated to the glucose levels
in blood [2]. However, the glucose concentration in
saliva is significantly lower than that of blood, requiring
a more sensitive glucose sensor to measure glucose
levels accurately.
With recent advances in nanomaterials, many
glucose sensors have been able to greatly lower their
detection limits. Metal and metal oxide nanoparticles,
along with carbon nanomaterials (carbon nanotubes,
graphene, and graphene oxide), have been shown to be
effective at increasing sensor sensitivity [3].
Specifically, microstructured surfaces, greatly increase
electrode surface area and have been shown to
outperform planar geometries [4]. Vertically-aligned
carbon nanotubes (VACNTs) are an excellent example
1
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injection analysis (FIA) is presented, which would
allow for a more practical application of small analyte
volume glucose sensing, as is available with saliva.
MATERIALS AND METHODS
VACNT fabrication methods were similar to
previously published protocols [6, 8]. A 50 nm layer of
aluminum oxide (Al2O3) was deposited onto a 100 mm
silicon (Si) wafer by e-beam evaporation.
Photolithography was used to pattern positive
photoresist (AZ3330) into an array of 16 µm diameter
circles that would eventually allow for the formation of
defined channels. A 7 nm film of iron (Fe) was
thermally evaporated onto the patterned photoresist,
followed by sonication in N-Methyl-2-pyrrolidone
(NMP) for at least 10 minutes for lift-off patterning of
Fe (see schematic in Figure 1A).
VACNTs were grown by chemical vapor
deposition (CVD) in a 1 inch diameter tube furnace
with flowing hydrogen (H2, 311 sccm) and ethylene
(C2H4, 338 sccm) at 750 °C for 6 minutes. The
temperature was then raised to 900 °C and the H2 flow
rate reduced to 190 sccm to infiltrate (coat) the
VACNTs with amorphous carbon for 10 minutes (C2H4
flow rate was unchanged). This infiltration process
strengthened the VACNT structure to create a
mechanically sturdy, porous array of microchannels
that self-released from the substrate (see geometry in
Figure 1B). The resulting free-standing VACNT array
(about 350 um thick) was placed in an oxygen plasma
etch for 7 minutes (5 minutes on bottom; 2 minutes on
top) in a Technics Planar Etch II machine (250 W, 300
mTorr).
The VACNTs were functionalized with platinum
nanowires (PNs), as can be seen in Figure 1C. The PNs
were deposited in a static, electroless environment by
the chemical reduction of a 3 mM chloroplatinic acid
hexahydrate solution (37.5% Pt, Sigma-Aldrich
206083) similar to previous protocols [8]. The VACNT
array was held vertically in a Teflon stand for about 18
hours in a solution containing chloroplatinic acid, 18
mL of ultrapure water and 2 mL of formic acid (88%
HCOOH, Macron 2592-05). After the deposition, the

Figure 1. (A) Schematic of layers used to manufacture the
VACNT sensor. Scanning electron microscope (SEM)
images of VACNTs forming an array of microchannels
with a nominal 16 µm diameter and (B) a close-up view
near the channel opening showing platinum coverage on
the VACNTs.

PN-VACNT array was thoroughly rinsed in water and
placed on a hot plate to evaporate excess liquid before
measuring the Pt mass. PNs were the only
functionalization used for sensors with GOx-in-stream
(see Figure 2A).
Glucose oxidase from Aspergillus niger (GOx,
type X-S, 100,000-250,000 units/g, G7141 SigmaAldrich) was covalently bonded to the PN-VACNT
array
using
1-ethyl-3-(-3-dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxysuccinimide (NHS)
chemistry following approximately the conditions
recommended by Wang, Kim, Khang, Kim and Kim [9]
(see Figure 2B). The PN-VACNT array was incubated
in 5 mL of 50 mM EDC and 400 mM NHS in pH 4.7
MES for 90 minutes. The sample was then rinsed with
ultrapure water and then placed in a 5 mL PBS (7.4 pH)
solution with 50 mg of GOx (10 mg/mL). The
EDC/NHS-PN-VACNT array was incubated in the
GOx mixture at 4 °C at least 16 hours. The GOxEDC/NHS-PN-VACNT (hereafter referred to as the

Figure 2. Various VACNT glucose sensor configurations. (A) GOx-in-stream sensor, with Pt nanoparticles on the surface.
(B) EDC/NHS sensor with GOx covalently bonded to the VACNTs. (C) PEDOT sensor with GOx entrapped in the polymer.
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EDC/NHS sensor) was then thoroughly rinsed and
stored in PBS at 4 °C.
GOx was entrapped in the polymer poly(3,4ethylene-dioxythiophene) (PEDOT) at the PN-VACNT
surfaces following a procedure similar to that of
Claussen, Kumar, Jaroch, Khawaja, Hibbard,
Porterfield and Fisher [10] (see Figure 2C). First, 35 mg
of poly(sodium 4-styrenesulfonate) (PSS, Sigma
Aldrich 243051) was stirred into 5 mL of ultra-pure
water. Then, 16 µL of 3,4-ethylene-dioxythiophene
(EDOT, Sigma Aldrich 483028) was mixed into the
PSS solution. Finally, 50 mg of GOx (10 mg/mL) was
added
to
the
EDOT-PSS
solution.
The
electropolymerization of EDOT to PEDOT was
performed in a flow cell (see below) at a flow rate of
0.1 mL/min with a multi-step current (0.5 seconds at 1
mA and 0.5 seconds at 0 A) for 500 cycles. The
resulting GOx-PEDOT-PSS-PN-VACNT (hereafter
referred to as the PEDOT sensor) was thoroughly rinsed
and stored in PBS at 4 °C.
All experiments were performed in a flowthrough electrochemical cell (see below) with a
saturated (KCl) Ag/AgCl reference electrode, a Pt wire
counter electrode, and a VACNT sensor as the working
electrode. A CH Instuments (CHI) 660E
Potentiostat/Galvanostat was employed for all
electrochemical testing.
Glucose oxidation with GOx took place under a
constant potential of 0.55 V relative to Ag/AgCl in
phosphate buffered saline (1X PBS, 7.4 pH, Fisher
Scientific) at room temperature and typical air
exposure. Before experiments were performed, the
potential was applied until a steady baseline current was

achieved from the PBS alone. The two-part reaction
converted glucose into hydrogen peroxide (H2O2) and
then the H2O2 was oxidized at the PN-VACNT surface
to produce two electrons as shown by the following
equations.
D-glucose + 𝑂2 + 𝐻2 𝑂 → D-gluconic acid + 𝐻2 𝑂2
𝐻2 𝑂2 → 𝑂2 + 2𝐻 + + 2𝑒 −
The electrochemical flow cell used for
experiments is shown in Figure 3, where the VACNT
sensor was held between two, size-12 O-rings (3/8” ID)
in a clamped Teflon flow cell. Forced mechanical
contact between the VACNT electrode and a Nichrome
wire allowed for a simple connection mechanism. The
flow cell was oriented vertically, with the reference
electrode upstream and the counter electrode
downstream of the VACNT, each held in place by
bored out rubber stoppers. A 60 mL syringe pulled
solution through the cell from a reservoir using a
Harvard Apparatus PHD Ultra syringe pump to control
the flow rate. New pre-mixed concentrations of glucose
solution were added to the open reservoir as the
previous solution emptied from the reservoir. At high
glucose concentrations (>500 µM), the direction of
flow through the cell was reversed such that the solution
was infused to allow bubbles formed at the electrode to
escape.
RESULTS AND DISCUSSION
VACNT heights (electrode thicknesses) were
measured to be 351 ± 27 µm. With channel diameters
nominally being 16 µm, the channel length to diameter
ratio was about 22. The nominal void ratio of each
electrode was 0.41. The mass of the deposited Pt was
measured to be 4.46 ± 0.70 mg (14.7 ± 2.3 % of sensor
by weight).
Flow rate greatly influences the sensitivity of flow
sensors and can provide linearly varying current with
flow rate [6]. Figure 4 shows the measured current
density for 100 µM glucose at different volumetric flow
rates (0.5 to 8 mL/min; average velocities: 0.283 to 4.53
mm/s) for each of the glucose sensors (GOx-in-stream,
EDC/NHS, and PEDOT; see Figure 2). A concentration
of 100 µM glucose was chosen to mimic a typical
glucose concentration found in saliva and is
representative of an accessible bodily fluid with a lower
concentration. The current was normalized by the
frontal surface area, as defined by the O-rings (0.713
cm2).
Figure 4A shows that the current density was
largest and linear with flow rate when the glucose
reaction occurred upstream of the VACNT electrode, as
was the case with the GOx-in-solution sensor. The
green dashed line represents the current density that

Figure 3. Exploded view schematic of three electrode
through-flow cell, where the chemical solution is forced
through the PN-CNT microchannels.
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GOx and H2O2 with the PN-VACNT surface becomes
significant at high flow rates. For example, at 0.5
mL/min there would be on average 1.24 seconds to
complete the chemical and electrochemical reactions
within the VACNT array, but only 0.08 seconds at 8
mL/min. When the chemical reaction takes place before
reaching the electrode, only the electrochemical portion
needs to take place during this time. Although both the
EDC/NHS and PEDOT sensor follow the same trend, it
can also be seen in that the EDC/NHS sensor gave
higher current densities at higher flow rates (about 1.5
times larger at 8 mL/min). The lower current density
could be caused by less GOx coverage as a result of the
PEDOT functionalization, or because the polymer layer
acts as a diffusion barrier between the H2O2 and the
VACNT surface.
Flow rates for subsequent concentration tests were
chosen to give large current densities while still
maintaining reasonable solution volumes. For GOx
functionalized on the VACNTs, it is most efficient to
be below 3 mL/min, because current doesn’t increase
significantly with flow above this point. A flow rate of
1 mL/min was chosen because the EDC/NHS current
density was still close to the GOx-in-stream current
density at this point and for reasons discussed below on
selectivity. For the GOx-in-solution sensor, the
selection of flow rate is somewhat arbitrary as
sensitivity will continue to increase with increasing
flow rate. To maintain reasonable solution volumes, a
flow rate of 6 mL/min was chosen.
Figure 4 also shows the current density at the same
flow rates for 10 µM of ascorbic acid (AA) at a potential
of 0.55 V, as tested with each of the GOx sensors (Pt
only, EDC/NHS, and PEDOT). The current density
from this interferent was rather large because AA
oxidizes readily at this potential [11]. This was
especially significant for the low current densities of
EDC/NHS and PEDOT sensors at high flow rates,
which is the main reason to operate the functionalized
sensors at a low flow rate (1 mL/min). GOx-in-stream
had the least impact, with the 10 µM AA giving a
current density about 15% of the 100 µM glucose
current density (minimal dependence on flow rate). At
lower potentials, it is possible to minimize the effects
of interferents and measure the change in the O2
reduction current [11]. However, at low potentials the
PN-VACNTs produced a very large negative current
from the reduction of oxygen, making it unreasonable
to operate at low potentials in the presence of oxygen
(oxygen is required for the GOx reaction).
It has previously been shown that a polymer layer
such as PEDOT can help reduce the impact from
interfering species [10]. However, the current density
was nearly identical with and without the PEDOT layer
on the PN-VACNT electrodes, as the small standard
deviation in Figure 4B includes both PEDOT and non-

Figure 4. (A) Comparison of current density from 100 µM
glucose for different VACNT electrodes at various flow
rates tested at 0.55 V in pH 7.4 PBS. The current density
from ascorbic acid (AA) at 0.55 V is also shown. (B) Close
up of low current density measurements. Note that error
bars represent standard deviation from three repeat
measurements.

would be obtained for 100 µM glucose (at the given
flow rate) if each glucose molecule produced two
electrons. This becomes the theoretical maximum for
GOx reactions if each glucose molecule was converted
into H2O2 and then each H2O2 molecule reacted at the
surface. However, a conversion efficiency of glucose to
H2O2 was observed, as the maximum measured current
density was only about 64% the theoretical values.
When the chemical reaction was moved to the
electrode by functionalizing the VACNTs with GOx, a
nonlinear trend with flow rate was observed (see Figure
4B). At the lowest flow rate tested (0.5 mL/min), the
current density of each of the GOx sensors was very
similar, but the functionalized sensor current density
asymptotes as flow rate increases. This suggests that the
time component to the two-part reaction of glucose with
4
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Figure 5. Current density with time for different glucose
concentrations (10, 25, 50 and 75 µM) with GOx in PBS
solution at a flow rate of 6 ml/min and potential of 0.55 V.

PEDOT samples. It is possible that the large surface
area and high-aspect-ratio VACNT channels were not
completely coated with the polymer and the resulting
electrode was thus able to oxidize the interferent at the
same rate as the sensors with PEDOT.
An example of a typical experiment is shown in
Figure 5, with current density vs time at increasing
concentrations of glucose (10 to 75 µM) with GOx-insolution. The full range of tested glucose concentrations
for the GOx-in-solution and EDC/NHS sensors (with
error bars representing the standard deviation for three
devices) is shown in Figure 6A. The PEDOT sensor
was not included in the concentration experiments
because it showed no advantage over the EDC/NHS
sensor from the flow rate experiments shown above.
The EDC/NHS sensor was linear with glucose
concentration up to 6 mM glucose, giving it a much
larger linear sensing range than the GOx-in-solution
sensor. The GOx-in-solution sensor reaches its linear
limit at about 200 µM glucose. It is likely that the
EDC/NHS electrode had a much larger linear range
because it was operating at a much lower flow rate.
Thus, it seems that the flow rate of the sensor could
potentially be modified to target different concentration
ranges with a linear response.
Figure 6B shows the linear sensing range for the
GOx-in-solution sensor, where the slope (and thus the
sensitivity) was much larger than the EDC/NHS sensor.
The sensitivity of the GOx-in-solution sensor was 18.77
mA mM-1 cm-2 (based on the projected frontal area of
0.713 cm2), while the EDC/NHS sensor only had a
sensitivity of 1.815 mA mM-1 cm-2. That is a complete
order of magnitude difference in current density
between the sensors.
The limit of detection (LOD) of each sensor was
calculated from the sensitivity (based on three times the

Figure 6. Measured current density at different glucose
concentrations flowing at 1 mL/min for EDC/NHS sensors
and 6 mL/min for GOx-in-solution at 0.55 V in pH 7.4 PBS.
(A) Full linear range of EDC/NHS sensor is shown to be
much larger than the linear range of GOx-in-solution. (B)
Linear range of GOx-in-solution sensors. Inset: Linear
sensing range as low as 0.5 µM. Note that error bars
represent standard deviation from three repeat
measurements.

standard deviation of the baseline), with the observed
lowest linear sensing region being slightly higher than
the LOD. The GOx-in-solution and EDC/NHS sensor
LODs were 194 and 311 nM glucose, respectively. The
low limits of detection and high sensitivities for the
VACNT sensors are comparable with the best glucose
sensors in the literature [5, 12]. It is interesting to note
that although the sensitivity of the EDC/NHS sensor
was much lower, the background noise was nearly
proportionally smaller, such that the calculated limit of
detection was still very similar to that of the other
sensors. With GOx in the PBS solution, the background
noise was significantly higher than that for PBS alone.
Although the EDC/NHS sensor operated at a slower
flow rate of 1 mL/min, it would have only marginally
5
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Figure 7. Concept schematic of small volume flow cell that
would enable flow injection analysis of glucose.

increased sensitivity if operated at 6 mL/min, as noted
above.
As a final note, the size of VACNT could be
reduced considerably to enable glucose detection with
small volumes of analyte on the order of 200 µL. A
concept of how this smaller flow cell would look is
shown in Figure 7. Small tubing could be used to make
the cell, held together by larger tubing around the
outside. This set up would allow glucose to be injected
into the stream (flow injection analysis) instead of
being pre-mixed in the solution. The cross section of the
VACNT electrode would be 36 times smaller in this
scenario. A flow rate of 0.2 mL/min would provide the
same average velocity of the solution through the
microchannels as a flow rate of 7.2 mL/min in the flow
cell previously used throughout this work. Preliminary
experiments have shown that this set up is feasible and
significantly reduces the background noise by using a
smaller electrode, such that the sensitivity could also be
comparable to the larger sensors used in this work.
CONCLUSION
The VACNT electrodes have been shown to be
effective glucose sensors by taking advantage of
convection and high surface area. GOx was shown to
be more effective when mixed into the solution than
when bound onto the VACNT surface, as the current
densities leveled off significantly at higher flow rates
when the GOx was surface-bound. Both GOx and
EDC/NHS sensors were shown to be linear with
concentration, with lower flow rates giving a much
higher upper limit on the linear sensing, suggesting that
flow rate can be adjusted to tune the sensor to be linear
in the target concentration range. The small VACNT in
a small flow cell could be an area of potential future
work, including the exploration of injection-based,
small volume sensing with VACNT electrodes to
enhance enzymatic sensing.
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